Visión del color en la retinosis pigmentaria by Fresno Cañada, Carlos
 Facultat d’Òptica i Optometria de Terrassa 
© Universitat Politècnica de Catalunya, any 2015. Tots els drets reservats 
 
 
 
 
MÁSTER	  UNIVERSITARIO	  EN	  OPTOMETRIA	  Y	  CIENCIAS	  DE	  LA	  VISIÓN	  
	  
	  
TRABAJO	  FINAL	  DE	  MÁSTER	  
	  
	  
	  
COLOR	  VISION	  IN	  EYES	  WITH	  RETINITIS	  PIGMENTOSA	  
(Visión	  del	  color	  en	  la	  Retinosis	  pigmentaria)	  
 
 
 
Carlos	  Fresno	  Cañada	  
 
 
 
Directora: Sara Lluch Margarit 
Codirectora: Gemma Julio Moran 
 
Departamento de Óptica y Optometria 
 
 
 
 
 
 
 
 
19	  de	  gener	  2015	  
 Facultat d’Òptica i Optometria de Terrassa 
© Universitat Politècnica de Catalunya, any 2015. Tots els drets reservats 
 
 
 
MÀSTER	  UNIVERSITARI	  EN	  OPTOMETRIA	  I	  CIÈNCIES	  DE	  LA	  VISIÓ	  
 
Les Sres Sara Lluch Margarit i Gemma Julio Morán, com a directores del 
treball  
CERTIFIQUEN 
Que en Carlos Fresno Cañada ha realitzat sota la seva supervisió el 
treball COLOR VISION IN EYES WITH RETINITIS PIGMENTOSA que es 
recull en aquesta memòria per optar al títol de màster en optometria i 
ciències de la visió. 
I per a què consti, signo/em aquest certificat. 
 
 
 
 
 
 
 
Sra Sara Lluch  Margarit 
Directora del treball 
 
Sra Gemma Julio Morán 
          Directora del treball 
 
	  
19	  de	  gener	  2015	  
	    
 Facultat d’Òptica i Optometria de Terrassa 
© Universitat Politècnica de Catalunya, any 2015. Tots els drets reservats 
 
 
 
 
MÁSTER	  UNIVERSITARIO	  EN	  OPTOMETRIA	  Y	  CIENCIAS	  DE	  LA	  VISIÓN	  
	  
La	  visión	  del	  color	  en	  la	  retinosis	  pigmentaria	  
 
 
RESUMEN 
 
La	  retinosis	  pigmentaria	  es	  una	  enfermedad	  hereditaria	  que	  se	  caracteriza	  por	  la	  degeneración	  de	  los	  
fotorreceptores,	  del	  epitelio	  pigmentario	  y	  la	  pérdida	  de	  agudeza	  visual	  asociada.	  Uno	  de	  los	  síntomas	  
de	  la	  enfermedad	  es	  la	  	  alteración	  de	  la	  visión	  de	  los	  colores.	  
El	  objetivo	  de	  este	  estudio	  es	  determinar	  si	  los	  parámetros	  resultantes	  de	  los	  test	  del	  color	  (Ishihara	  y	  
Farnsworth	   Munsell	   D-­‐15)	   pueden	   ser	   buenos	   indicadores	   de	   la	   progresión	   de	   la	   enfermedad,	  
confirmada	  mediante	  la	  OCT	  macular.	  	  
A	  25	  ojos	  afectados	  de	  RP	  se	  les	  midió	  la	  AV,	  y	  se	  cuantificaron	  los	  errores	  realizados	  en	  los	  dos	  test	  de	  
color.	  Con	   los	  resultados	  del	   test	  de	  FM	  D-­‐15	  se	  calcularon	   los	   índices	  color	  CCI,	  SI,	   i	  CI.	  Mediante	   la	  
OCT	  se	  valoró	  el	  grado	  de	  deterioro	  de	  la	  ELM,	  IS/OS,	  COST	  y	  la	  presencia	  de	  “foveal	  bulge”.	  
La	  mayoría	   de	   los	   ojos	   presentaron	   trastornos	   de	   la	   visión	   del	   color	   de	   severidad	   variable	   pero	   sin	  
ningún	   eje	   específico.	   La	   longitud	   de	   ELM	  era	  mayor	   que	   la	   de	   IS/OS	   y	   está	   que	  COST	   y	   pocos	   ojos	  
presentaron	  FB.	  Se	  encontró	  correlación	  estadísticamente	  significativa	  principalmente	  entre	  la	  	  IS/OS	  y	  
FB	  con	  la	  AV,	  CCI,	  CI	  y	  el	  número	  de	  errores	  cometidos	  en	  el	  test	  de	  Ishirara.	  	  
Como	  conclusión,	  los	  test	  de	  la	  visión	  del	  color	  utilizados	  son	  buenos	  indicadores	  de	  la	  progresión	  de	  la	  
RP.	  Además,	   los	   cambios	  anatómicos	  podrían	   ser	   identificados	  de	   forma	  precoz	  y	   fiable	  mediante	   la	  
valoración	  del	  FB.	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RESUM	  
 
La	   retinosis	   pigmentària	   és	   una	   malaltia	   hereditària	   que	   es	   caracteritza	   per	   la	   degeneració	   dels	  
fotoreceptors	   de	   l’epiteli	   pigmentari	   i	   la	   pèrdua	   d’agudesa	   visual	   associada.	   Un	   dels	   símptomes	  
principals	  de	  la	  malaltia	  és	  l’alteració	  de	  la	  visió	  dels	  colors.	  	  
	  
L’objectiu	   d’aquest	   estudi	   es	   determinar	   si	   els	   paràmetres	   resultants	   dels	   tests	   del	   color	   (Ishihara	   i	  
Farnsworth	   Munsell	   D-­‐15)	   poden	   ser	   bons	   indicatius	   de	   la	   progressió	   de	   la	   malaltia,	   confirmada	  
mitjançant	  la	  OCT	  macular.	  
	  
A	  25	  ulls	  afectats	  amb	  RP	  se’ls	  hi	  va	  mesurar	  la	  AV,	  i	  es	  van	  quantificar	  els	  errors	  realitzats	  amb	  els	  dos	  
tests	  del	  color.	  Amb	  els	   resultats	  del	   test	  de	  FM	  D-­‐15	  es	  van	  calcular	  els	   índexs	  de	  color	  CCI,	  SI	  y	  CI.	  
Mitjançant	   la	   OCT	   es	   va	   valorar	   el	   grau	   de	   deteriorament	   de	   la	   ELM,	   IS/OS,	   COST	   i	   la	   presència	   de	  
“foveal	  bulge”.	  	  	  
	  
La	  majoria	  dels	  ulls	  van	  presentar	  trastorns	  de	  la	  visió	  del	  color	  i	  de	  severitat	  variable	  però	  sense	  cap	  
eix	   específic.	   La	   longitud	   de	   la	   ELM	   era	   major	   que	   la	   IS/OS	   i	   aquesta	   que	   la	   COST	   i	   pocs	   ulls	   van	  
presentar	  FB.	  Es	  va	  trobar	  correlació	  estadísticament	  significativa	  principalment	  entre	  IS/OS	  i	  FB	  amb	  la	  
AV,	  CCI,	  CI	  i	  el	  número	  d’errors	  comesos	  en	  el	  test	  d’ishihara.	  	  	  
	  
Com	  a	  conclusió,	  els	  tests	  de	  la	  visió	  del	  color	  utilitzats	  són	  bons	  indicadors	  de	  la	  progressió	  de	  la	  RP.	  A	  
més,	  els	  canvis	  anatòmics	  podrien	  ser	  identificats	  de	  forma	  precoç	  i	  fiable	  mitjançant	  la	  valoració	  del	  
FB.	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ABSTRACT	  
 
Retinitis	   pigmentosa	   is	   an	   inherited	   disease	   characterized	   by	   photoreceptor	   pigment	   epithelium	  
degeneration	  and	  associated	  visual	  acuity	  loss.	  One	  of	  de	  main	  symptoms	  of	  the	  disease	  is	  impaired	  
color	  vision.	  	  
	  
The	   aim	   of	   this	   study	   was	   to	   determine	   whether	   parameters	   from	   color	   tests	   (Ishihara	   and	  
Farnsworth	  D-­‐15)	  may	  be	  good	  indicators	  of	  disease	  progression,	  confirmed	  by	  macular	  OCT.	  	  
	  
25	  eyes	  were	  affected	  with	  RP	  was	  measured	  AV,	  and	  quantify	  the	  errors	  were	  made	  with	  two	  tests	  
of	  color.	  With	  test	  results	  of	  FM	  D-­‐15	  were	  calculated	  CCI,	  SI	  and	  CI.	  By	  the	  OCT	  was	  evaluated	  the	  
degree	  of	  deterioration	  of	  the	  ELM,	  IS/OS,	  COST	  and	  the	  presence	  of	  “foveal	  bulge”.	  	  
	  
Most	  of	  eyes	  presented	  color	  vision	  disorders	  and	  variable	  severity	  without	  specific	  axis.	  The	  length	  
of	   ELM	  was	   greater	   than	   IS/OS	   and	   COST,	   a	   few	   eyes	   submitted	   FB..	  We	   found	  mainly	   significant	  
correlation	  between	  IS/OS	  and	  FB	  with	  AV,	  CCI,	  CI	  and	  the	  number	  of	  errors	  in	  the	  ishihara	  test.	  	  
	  
In	   conclusion,	   the	   color	   vision	   test	   used	   are	   good	   indicators	   of	   the	   progression	   of	   RP.	   In	   addition,	  
anatomical	  changes	  could	  be	  identified	  at	  an	  early	  stage	  and	  reliable	  means	  of	  assessing	  the	  FB.	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Dear	  Editor,	  	  
	  
	   Attached	  you	  will	  find	  the	  paper	  entitled	  “Color	  vision	  in	  eyes	  with	  retinitis	  pigmentosa”,	  
which	  we	  are	  submitting	  for	  publication	  in	  Ophthalmic	  and	  Physiological	  Optics	  as	  an	  “Original	  
Research	  paper”.	  	  
	   	  
To	   determine	  whether	   indices	   calculated	   from	   color	   vision	   tests	   (Ishihara	   and	   Farnsworth-­‐
Munsell	  D-­‐15)	  could	  be	  good	  markers	  of	  RP	  progression.	   In	  that	  sense,	  the	  evolution	  of	  anatomical	  
degeneration	   in	   central	   retina,	   confirmed	   by	   Optical	   Coherence	   Tomography	   (OCT),	   and	   the	  
relationship	  between	  visual	  and	  anatomical	  parameters	  were	  analyzed.	  	  
	  
We	   state	   that	   the	   data	   submitted	   have	   not	   been	   published	   and	   are	   not	   under	   current	  
considerations	  elsewhere,	  that	  all	  authors	  have	  contributed	  significantly	  in	  the	  design,	  interpretation	  
of	  data	  and	  all	  are	  in	  agreement	  with	  the	  content	  of	  the	  study.	  	  
	  
We	  would	  be	  very	  grateful	  for	  any	  comments	  or	  suggestions	  you	  may	  wish	  to	  make.	  
	  
Thanking	   you	   for	   your	   kind	   attention,	   I	   look	   forward	   to	   hearing	   from	   you	   at	   your	  
convenience.	  
	  
Yours	  sincerely,	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ABSTRACT	  
Background:	   	  Retinitis	  pigmentosa	  (RP)	  is	  an	  inherited	  disease	  characterized	  by	  photoreceptors	  and	  
retinal	   pigment	   epithelium	   degeneration,	   associated	   with	   visual	   acuity	   loss.	   The	   main	   symptoms	  
include	   night	   blindness,	   photophobia,	   visual	   field	   loss,	   and	   color	   vision	   and	   contrast	   sensitivity	  
alterations.	  	  
Purpose:	  	  To	  determine	  whether	  indices	  calculated	  from	  color	  vision	  tests	  (Ishihara	  and	  Farnsworth-­‐
Munsell	  D-­‐15)	  could	  be	  good	  markers	  of	  RP	  progression.	   In	  that	  sense,	  the	  evolution	  of	  anatomical	  
degeneration	   in	   central	   retina,	   confirmed	   by	   Optical	   Coherence	   Tomography	   (OCT),	   and	   the	  
relationship	  between	  visual	  and	  anatomical	  parameters	  were	  analyzed.	  	  
Methods:	   Twenty	   five	   eyes	   affected	   by	   retinitis	   pigmentosa	   (RP)	   underwent	   color	   vision	   testing.	  
Visual	  acuity	  (VA)	  and	  the	  number	  of	  errors	  in	  the	  two	  color	  tests,	  were	  quantified.	  Colour	  Confusion	  
Index	   (CCI),	  Selectivity	   Index	   (SI),	  and	  Confusion	   Index	   (CI),	  were	  calculated	  to	   identify	  severity	  and	  
kind	  of	   color	   vision	  defects.	   The	   length	  of	   external	   limiting	  membrane	   (ELM),	   photoreceptor	   inner	  
and	  outer	  segment	   junction	  (IS/OS),	  and	  cone	  outer	  segment	  tips	  (COST)	  besides	  the	  presence	  of	  a	  
bulge	   in	   IS/OS	   at	   the	   fovea	   were	   assessed	   by	   Optical	   Coherence	   Tomography	   (OCT).	   The	   central	  
thickness	   of	   the	   macular	   area	   (CFT)	   and	   the	   peripapillary	   retinal	   nerve	   fiber	   layer	   (RNFL)	   were	  
obtained	  automatically	  from	  OCT	  images.	  Structural-­‐functional	  correlations	  were	  investigated.	  
Results:	  Most	   of	   the	   eyes	   presented	   color	   vision	   impairment	   of	   variable	   severity	   but	  without	   any	  
specific	   axis.	   At	   the	   central	   retina,	   ELM,	   IS/OS	   and	   COST	   layers	  were	   shortened	   showing	   different	  
levels	  of	  deterioration,	  being	  the	  ELM	  the	  most	  preserved	   layer,	   followed	  by	   IS/OS	  and,	   last,	  COST.	  
The	   great	   majority	   of	   the	   eyes	   had	   a	   total	   or	   partial	   loss	   of	   foveal	   bulge	   (FB).	   The	   anatomical	  
variables,	   mainly	   IS/OS	   and	   FB,	   showed	   statistically	   significant	   correlations	   with	   visual	   acuity	  
(LogMAR),	  CCI,	  CI	   	   and	  with	   the	  number	  of	   errors	   in	   the	   two	  color	   tests.	  RNFL	  did	  not	  display	  any	  
correlation	  with	  the	  other	  variables.	  
Conclusions:	  LogMAR,	  CCI,	  CI	  and	  the	  number	  of	  errors	  in	  Ishihara	  test	  could	  be	  considered	  as	  good	  
indicators	  of	  the	  progression	  of	  RP.	  Foveal	  anatomical	  changes	  produced	  by	  RP	  could	  be	  identified	  in	  
a	  reliable	  way,	  by	  assessing	  the	  presence	  of	  foveal	  bulge.	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MAIN	  TEXT	  
Introduction	  
Retinitis	  pigmentosa	  (RP)	  is	  a	  pathology	  that	  causes	  loss	  of	  vision.	  It	  comprises	  a	  heterogenic	  group	  of	  
hereditary	  disorders	  characterized	  by	  the	  slowly	  but	  progressive	  degeneration	  of	  the	  photoreceptors	  
(rods	  and	  cones)	  and	  the	  retinal	  pigment	  epithelium.	  This	  process	  tends	  to	  start	  in	  the	  mid-­‐peripheral	  
retina	  and	  advances	   to	   the	  macula	  and	   to	   the	   fovea	   in	  more	   severe	   stages.	  PR	  can	  be	  classified	   in	  
typical,	  atypical,	  non-­‐syndromic	  or	  syndromic.	  Typical	  RP	  begins	  with	  the	  deterioration	  of	   the	  rods,	  
whereas	  in	  atypical	  PR	  the	  cones	  are	  affected	  first.	  When	  RP	  only	  causes	  ocular	  damage	  is	  known	  as	  
non-­‐syndromic,	   but	   when	   it	   affects	   more	   organs,	   it	   is	   classified	   as	   syndromic	   (Usher	   syndrome,	  
Refsum	   disease,	   Basse-­‐Kornzweig	   syndrome,	   Bardet-­‐Biedl	   syndrome	   and	   Batten	   disease).1	  
Prevalence	  of	  PR	  has	  been	  reported	  approximately	  	  1/4,000	  worldwide.2	  	  
The	  most	   frequent	   ocular	  manifestations	   associated	   to	   RP	   include	   a	   diminished	   visual	   acuity	   (VA),	  
refractive	  changes	  associated	  with	  myopia	  and	  astigmatism,	  nictalopia,	  photophobia,	  low	  sensibility	  
to	  contrast,	  altered	  colour	  vision,	  and	  progressive	  loss	  of	  visual	  field	  until	  residual	  central	  vision.	  RP	  
progression	   varies	   depending	   on	   the	   type	   of	  mutation,	  which	  might	   be	   inherited	   in	   an	   autosomal	  
recessive	  manner	   (in	   20-­‐30%	   of	   the	   cases),	   in	   an	   autosomal	   dominant	   manner	   (in	   15-­‐20%	   of	   the	  
cases),	  or	  linked	  to	  X	  chromosome	  (in	  6-­‐10%	  of	  the	  cases).3	  Therefore,	  the	  same	  mutation	  can	  cause	  
various	  symptoms	  to	  different	  patients,	  whereas	  different	  mutations	  can	  cause	  the	  same	  symptoms	  
to	  a	  variety	  of	  people.	  The	  genes	  more	  frequently	  involved	  in	  RP	  are	  USH2A,	  also	  known	  as	  Usherin,	  
which	   can	   mutate	   to	   cause	   both	   non-­‐syndromic	   and	   syndromic	   RP;	   RHO	   25%	   with	   autosomal	  
dominant	   inheritance;	   RPGR	   X-­‐linked	   and	   EYS,	   responsible	   for	   autosomal	   recessive	   PR	   in	   locus	  
DP25.1,4	  	  
Histopathological	  studies	  carried	  out	  in	  patients	  with	  RP	  have	  shown	  anatomical	  changes	  caused	  by	  
the	  apoptosis	  of	   the	  affected	  photoreceptors.	  Moreover,	   pigment	  deposits	  have	  been	  observed	  at	  
the	  fundus	  of	  the	  eye.	  The	  earliest	  histopathological	  changes	  occur	  with	  the	  progressive	  shortening	  
and	  deformation	  of	  rod	  outer	  segments,	  which	  eventually	  causes	  their	  death.	  When	  all	  the	  rods	  and	  
part	  of	  the	  cones	  have	  lost	  their	  functions,	  the	  macula	  presents	  a	  monolayer	  formed	  by	  cones	  with	  a	  
very	   short	   outer	   segment	   (if	   any).	   These	   anatomical	   changes	   can	   be	   seen	   by	   Optical	   Coherence	  
Tomography	   (OCT),	   showing	   how	   the	   reflective	   layers	   produced	   by	   external	   limiting	   membrane	  
(ELM),	  photoreceptor	  inner	  and	  outer	  segment	  junction	  (IS/OS),	  and	  cone	  outer	  segment	  tips	  (COST)	  
approach	  towards	   the	  epithelium,	   to	  merge	  with	   it	   in	  advanced	  cases.5	  All	   these	  changes	   lead	  to	  a	  
decrease	  and	  loos	  of	  central	  visual	  function	  in	  final	  stages	  of	  RP.6	  Moreover,	  patients	  suffer	  from	  an	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altered	  colour	  vision,	  which	  affects	  blue-­‐yellow	  axes	  first,	  because	  blue	  cones	  (S)	  are	   located	  in	  the	  
perifoveal	   ring	   while	   green	   (M)	   and	   red	   (L)	   cones	   are	   concentrated	   in	   the	   foveola.	   7	   The	   most	  
common	  test	  used	  to	  detect	  color	  vision	  defects,	  are	  Ishihara	  test	  and	  Farnsworth-­‐Munsell	  D-­‐15	  (FM	  
D-­‐15)	  test.	  The	  first	  is	  performed	  to	  find	  most	  of	  congenital	  alterations	  but	  not	  for	  early	  detection	  of	  
acquired	   alterations,	   as	   those	   found	   in	   RP.	   Farnsworth-­‐Munsell	   D-­‐15	   test,	   which	   includes	   non-­‐
saturated	  hues,	  is	  used	  for	  early	  acquired	  alterations	  as	  those	  of	  RP.	  To	  our	  knowledge,	  there	  are	  no	  
studies	  relating	  the	  loss	  of	  color	  vision	  with	  morphological	  changes	  that	  occur	  in	  retinitis	  pigmentosa	  
The	  aim	  of	  the	  current	  study	  was	  to	  determine	  whether	  the	  resulting	  parameters	  of	  colour	  tests	  can	  
be	   considered	   as	   good	   markers	   of	   RP	   progression.	   In	   order	   to	   find	   it	   out,	   the	   evolution	   of	   the	  
anatomical	  changes	  in	  the	  macula	  and	  the	  possible	  relation	  between	  the	  visual	  parameters	  and	  the	  
anatomical	  measures	  were	  also	  analyzed.	  	  
Materials	  and	  method	  
Thirty	   patients	   with	   RP	   were	   enrolled	   in	   the	   study.	   Individuals	   with	   atypical	   or	   unilateral	   RP,	  
epiretinal	   membrane,	   macular	   oedema,	   poor	   fixation	   because	   of	   extremely	   low	   visual	   acuity,	  
myopics	   eyes	   with	   posterior	   staphyloma,	   and	   eyes	   with	   media	   opacities	   that	   affected	   the	   visual	  
acuity	  where	  excluded.	  Patients	  with	  Usher	  syndrome	  were	  not	  included	  because	  their	  central	  retina	  
retained	  normal	  photoreceptor	  layer	  structure	  over	  a	  wide	  expanse,	  as	  can	  be	  determined	  by	  OCT.8	  
Clinical	   tests	  were	   performed	   at	  Hospital	   de	   Terrassa-­‐Consorci	   Sanitari	   de	   Terrassa	   (CST)	   and	   they	  
adhered	   to	   the	   tenets	   set	   out	   in	   the	   Declaration	   of	   Helsinki.	   All	   the	   patients	   signed	   an	   informed	  
consent	  to	  participate	  in	  the	  study.	  
	  The	   anterior	   segment	   and	   the	   fundus	   eye	   were	   explored	   using	   a	   Marco	   Slit	   Lamp	   5	   Ultra	  
biomicroscope.	  Visual	  acuity	  (VA)	  was	  measured	  and	  reported	  using	  the	   logarithm	  of	  the	  minimum	  
angle	  of	  resolution	  (LogMar)	  scale	  for	  statistical	  purposes.	  The	  colour	  vision	  of	  the	  participants	  was	  
determined	   using	   both	   the	   Ishihara	   and	   the	   FM	   15-­‐D	   tests.	   All	   tests	   were	   undertaken	   with	   best	  
corrected	  near	  visual	  acuity,	  in	  a	  monocular	  testing	  manner	  and	  in	  photopic	  conditions.	  Ishihara	  test	  
shows	  alterations	  of	   red-­‐green	  colors,	  depending	  on	   the	  amount	  of	  errors	  made	  when	   recognizing	  
the	  numbers	  hidden	  in	  17	  pseudoisocromáticas	  sheets.	  The	  number	  of	  Ishihara	  test	  errors	  (ISHI)	  was	  
recorded.	   Farnsworth-­‐Munsell	   D-­‐15	   test	   determines	   all	   possible	   chromatic	   alterations,	   and	   it	   also	  
offers	   an	   indication	  of	   their	   severity.	   In	   the	   current	   study	   the	   errors	  made	  when	   arranging	   the	   15	  
caps	   were	   counted.	   Furthermore,	   Colour	   Confusion	   Index	   (CCI,	   that	   compared	   the	   current	  
arrangement	   and	   the	   ideal	   one),	   Selectivity	   Index	   (SI,	   that	   quantifies	   the	   amount	   of	   polarity	   or	  
randomness	   found	   in	   the	   cap	   disposition),	   and	   Confusion	   Index	   (CI,	   that	   quantifies	   the	   degree	   of	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colour	   loss	  relative	  to	  a	  perfect	  arrangement	  of	  caps)	  were	  also	  considered.9,10	  The	  confusion	  angle	  
(orientation	  resulting	  from	  the	  major	  radius	  of	  the	  moments	  of	  inertia	  for	  the	  plots	  of	  relative	  color	  
difference	  vectors	  in	  FM-­‐D15)	  was	  used	  to	  identify	  the	  kind	  of	  colour	  vision	  disorder.10	  	  
Optical	   Coherence	   Tomography	   (OCT)	   was	   used	   to	   obtain	   images	   which	   showed	   the	   state	   of	   the	  
retina	   and	   the	   optic	   nerve.	   The	   tomograph	   used	   for	   the	   tests	   (Cirrus	   HD-­‐OCT	   Carl	   Zeiss	  Meditec,	  
Dublin,	  CA,	  USA)	  has	  an	  axial	  resolution	  of	  5	  microns	  and	  a	  transversal	  resolution	  of	  15	  microns.	  The	  
central	   thickness	   of	   the	  macular	   area	   (CFT;	  Macular	   Cube	   512x128)	   and	   of	   the	   retinal	   nerve	   fiber	  
layer	   in	   (RNFL;	  Optic	   Disc	   Cube	   200x200)	  were	   obtained	   automatically	   by	   the	   tomograph.	   Then,	   a	  
more	  specific	  macular	  test	  was	  carried	  out	  (HD	  5	  Line	  Raster,	  horizontal	  and	  vertical	  scans).	  In	  each	  
OCT	   6mm-­‐images	   of	   the	   central	   retina,	   the	   length	   of	   external	   limiting	   membrane	   (ELM),	  
photoreceptor	   inner	  and	  outer	  segment	  junction	  (IS/OS),	  and	  cone	  outer	  segment	  tips	  (COST)	  were	  
measured	  using	  the	  public	  domain,	  Java-­‐based	   image	  processing	  software	   ImageJ	  analysis	  software	  
(W	   Rasband,	   National	   Institutes	   of	   Health,	   Bethesda,	   MD,	   http://rsb.info.nih.gov/ij/).	   Moreover,	  
changes	   in	   IS/OS	   line	  morphology,	  were	   analyzed.	  When	   the	   IS/OS	   line	   became	  dome-­‐shaped	   and	  
presented	   the	   central	   prominence	   typical	   of	   a	   healthy	   central	   retina,	   the	   foveal	   bulge	   (FB)	   was	  
assigned	  to	  category	  2.	  Those	  cases	  in	  which	  only	  the	  dome	  was	  observed	  were	  classified	  as	  category	  
1.	   Finally,	   if	   the	   IS/OS	   line	   was	   not	   dome-­‐shaped	   (it	   appeared	   as	   a	   horizontal	   line	   or	   was	   not	  
visualized	  at	  all),	  were	  assigned	  to	  category	  0.	  	  
Statistical	  analyses	  of	  the	  data	  were	  performed	  using	  SPSS	  software	  19.0	  for	  Windows.	  Data	  of	  right	  
eyes	  were	  arbitrarily	  chosen	  for	  analysis.	  After	  a	  preliminary	  exploratory	  analysis,	  the	  variables	  were	  
examined	   for	   normality	   using	   the	   Kolmogorov–Smirnov	   test	   and	   Wilcoxon	   signed-­‐rank	   test	   was	  
applied	   to	   compare	   the	   length	   of	   studied	   retinal	   layers	   in	   each	   eye.	   In	   addition,	   the	   correlation	  
between	   the	   variables	   was	   explored	   with	   a	   Spearman’s	   ρ	   test.	   A	   p	   value	   of	   0.05	   or	   less	   was	  
considered	  to	  denote	  statistical	  significance	  throughout	  the	  study.	  
Results	  
Thirty	  patients	  were	  originally	  considered	  for	  the	  current	  study.	  The	  sample	  was	  formed	  by	  9	  male	  
and	   21	   female,	   aged	   between	   18	   to	   71	   years	   (mean=48;	   SD=15.3).	   Two	   of	   them	   were	   excluded	  
because	  they	  suffered	  from	  Usher	  syndrome	  and	  three	  right	  eyes	  were	  also	  left	  out	  due	  to	  extremely	  
low	   visual	   acuity,	   after	   the	   clinical	   tests	   were	   carried	   out.	   	   Therefore,	   the	   current	   study	   was	  
undertaken	  with	   25	   right	   eyes.	  Of	   those,	   40%	  had	  myopia,	   28%	  had	  hypermetropia	   and	   the	  other	  
28%	  did	  not	  need	  correction.	  From	  the	  68%	  of	  the	  participants	  who	  needed	  correction,	  88%	  needed	  
astigmatism	  correction	  as	  well.	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In	   figure	   1	   the	   distribution	   of	   results	   of	   the	   FM-­‐D15	   and	   Ishihara	   tests	   for	   the	   studied	   sample	   is	  
presented.	  
	  
	  
	  
	  
	  
	  
	  
Figure	   1.	   Distribution	   of	   FM-­‐D15	   (left)	   and	   Ishihara’s	   test	   error	   numbers,	   ISHI	   (right).	   FM-­‐D15	  
interpretation:	  normal	  vision	  was	  considered	  if	  results	  showed	  2	  or	  less	  confusions	  among	  color	  discs	  
that	   are	   close	   together;	   mild	   to	   moderate	   defects	   was	   considered	   from	   three	   to	   10	   confusions;	  
severe	   defects	   was	   considered	   if	   there	   were	  more	   than	   10	   confusions;	   and	   color	   blindness	   when	  
maximum	  number	  of	  confusion	  were	  displayed.11	  	  
Ishihara’s	  test	  interpretation:	  normal	  vision	  ≤3	  errors;	  anomalous	  vision	  ≥8	  errors	  and	  uncertainties	  
between	  6	  and	  10	  errors.12	  
	  
	  
Six	  eyes	  showed	  a	  normal	  colour	  vision,	  both	  in	  the	  FM-­‐D15	  test	  (≤	  2	  errors	  in	  contiguous	  hues)	  and	  
the	  Ishihara	  test	  (17	  matches).	  Thirteen	  eyes	  suffered	  mild-­‐moderate	  dyscromatopsia	  regarding	  the	  
results	  of	  the	  FM-­‐D15	  (3-­‐10	  errors):	  4	  of	  them	  with	  a	  normal	  Ishihara	  and	  9	  with	  alterations	  (3	  of	  the	  
eyes	   with	   total	   red-­‐green	   blindness,	   that	   is,	   17	   errors	   in	   the	   test).	   Four	   eyes	   showed	   severe	  
dyscromatopsia	   (more	   than	   10	   errors	   in	   FM-­‐D15),	   3	   of	   them	   did	   not	   show	   any	   match	   with	   the	  
Ishihara	   test.	   Finally,	   2	   eyes	   showed	   acromatopsia,	   according	   to	   the	   results	   of	   the	   FM-­‐D15	   and	  
Ishihara	  tests.	  
The	  angle	  or	  confusion	  axis	  was	  used	  to	  identify	  the	  type	  of	  color	  defect.	   In	  this	  sense,	  2	  eyes	  (8%)	  
showed	  blue-­‐yelow	  color	  blindness,	  9	  (36%)	  no	  specific	  axis	  of	  confusion	  (more	  than	  80º),	  typical	  of	  
acquired	   color	   defects,	   and	   6	   (24%)	   were	   misclassified	   (with	   more	   than	   2	   errors	   and	   angle	   near	  
normal	  values,	  between	  60-­‐70º).	  No	  protanope	  or	  deuteranope	  eyes	  were	  found	  in	  the	  sample.	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Table	  1	  shows	  the	  summary	  statistics	  for	  VA,	  expressed	  in	  LogMar,	  and	  the	  calculated	  indices	  for	  the	  
FM-­‐D15	  test.	  Visual	  acuity	  is	  fairly	  preserved	  (≥0,5	  decimal)	  in	  76%	  of	  the	  studied	  eyes.	  
Table	  1.	  Summary	  statistics	  for	  VA	  (LogMar)	  and	  color	  vision.	  
n=25	   LogMar	   	   CCI	   	   SI	   	   CI	  
Media	   0.31	   1.67	   2.27	   1.99	  
Median	   0.22	   1.46	   2.26	   1.79	  
SD	   0.38	   0.69	   0.82	   0.81	  
Min	   0.00	   1.00	   1.38	   1.00	  
Max	   1.60	   3.48	   4.37	   3.59	  
LogMAR:	   Logarithm	   of	   minimal	   angle	   of	   resolution;	   CCI:	   Color	  
Confusion	  Index;	  SI:	  Selectivity	  Index;	  CI:	  Confusion	  Index.	  
	  
The	   CCI	   variable	   showed	   values	   over	   1	   in	   23	   eyes,	   indicating	   a	   clear	   trend	   to	   colour	   vision	  
impairment.	  The	  distribution	  of	  the	  SI	  variable,	  that	  studies	  the	  polarity	  or	  randomness	  of	  the	  errors,	  
showed	   13	   eyes	  with	   some	  polarity	   (SI>2)	   and	   12	  with	   random	  errors	   (SI<2),	   including	   errors	   that	  
could	  appear	  in	  subjects	  with	  normal	  colour	  vision.	  Regarding	  the	  distribution	  of	  the	  CI	  variable,	  that	  
studies	   the	   severity	   of	   the	   impairment,	   5	   eyes	   showed	   normal	   values	   (CI<1.2)	   and	   20	   abnormal	  
values	  (mean=2.1	  ±0.75;	  minimum=1.3;	  maximum=3.6)	  
Table	  2	  shows	  the	  summary	  statistics	  for	  the	  anatomical	  variables	  measured	  by	  OCT.	  In	  6	  eyes	  the	  3	  
layers	  in	  study	  could	  be	  identified	  as	  continuous	  measurable	  lines;	  in	  6	  eyes	  the	  COST	  layer	  could	  not	  
be	   identified	   but	   the	   ELM	  and	   IS/OS	   could	   be	  measured;	   2	   eyes	   showed	  only	   ELM	  and	   in	   11	   eyes	  
none	  of	  the	  3	  layers	  could	  be	  identified	  as	  a	  continuous	  and	  separate	  line.	  
Table	  2.	  The	  summary	  	  statistics	  for	  the	  anatomical	  variables	  measured	  by	  OCT.	  
n=25	   ELM	   IS/OS	   COST	   	  	  	  CFT	   RNFL	  
Media	   1660.35	   1108.18	   212.07	   223.48	   101.76	  
Median	   1403.50	   685.20	   0.00	   225.00	   100.00	  
SD	   1783.69	   134486	   467.93	   59.08	   19.92	  
Min	   0.00	   0.00	   0.00	   131.00	   67.00	  
Max	   5280.13	   4609.35	   1964.95	   352.00	   168.00	  
ELM:	   external	   limiting	   membrane;	   IS/OS:	   photoreceptor	   inner	   and	   outer	  
segment	  junction;	  COST:	  cone	  outer	  segment	  tips;	  CFT:	  central	  thickness	  of	  
the	   macular	   area	   y	   RNFL:	   retinal	   nerve	   fiber	   layer.	   Measurements	   are	  
expressed	  in	  µm.	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Figure	  2	  shows	  the	  distribution	  of	  the	  foveal	  bulge.	  Approximately	  half	  of	  the	  eyes	  have	  completely	  
lost	  the	  foveal	  bulge.	  In	  these	  cases	  there	  is	  a	  clear	  trend	  to	  not	  discern	  the	  IS/OS	  line	  (12	  out	  of	  13	  
eyes)	  and	  only	  in	  1	  case	  the	  layer	  can	  be	  seen	  but	  is	  located	  over	  the	  EPR.	  In	  10	  eyes	  (40%)	  there	  is	  a	  
dome,	   formed	   by	   the	   outer	   segment	   of	   the	   photoreceptors,	   that	   makes	   the	   IS/OS	   line	   to	   be	  
separated	  from	  the	  COST	  and	  EPR.	  Only	  2	  eyes	  showed	  a	  perfect	  foveal	  bulge,	  with	  a	  central	  peak	  in	  
the	  dome	  formed	  by	  the	  outer	  segment	  of	  the	  photoreceptors	  (Figure	  3).	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  Figure	  2.	  Distribution	  of	  foveal	  bulge	  categories.	  Cat	  0:	  	  absent	  or	  horizontal	  IS/OS	  line;	  Cat	  1:	  dome-­‐
shaped	  IS/OS	  line	  without	  FB;	  Cat	  2:	  	  dome-­‐shaped	  IS/OS	  line	  with	  FB.	  
	  
The	  Kormogorov-­‐Smirnov	  test	  confirmed	  that	  the	  anatomical	  values	  obtained	  from	  the	  OCT	  images	  
showed	  non	  normal	  distributions	  (p<0.001	  in	  all	  of	  the	  cases).	  Because	  of	  that,	  in	  order	  to	  study	  the	  
anatomical	   changes	   to	   a	   macular	   level,	   non-­‐parametric	   tests	   were	   performed:	  Wilcoxon	   tests	   for	  
related	  samples,	  comparing	  the	  length	  of	  the	  ELM,	  IS/OS	  and	  COST	  on	  every	  OCT	  image.	  The	  results	  
showed	   an	   ELM	   layer	   significantly	   longer	   than	   IS/OS	   line	   (p<0.001)	   and	   this	   latter	   longer	   than	   the	  
COST	  layer	  (p<0.001).	  
	  
Foveal bulge
210
N
um
be
r 
of
 e
ye
s 
(n
=2
5)
14
12
10
8
6
4
2
0
8%
40%
52%
 10 
 
	   	  	   	  
	   	  
Figura	  3:	  OCT	   images	  with	  different	  categories	  of	   fovea	  bulge.	  A	  and	  B:	  absent	  or	  horizontal	   IS/OS	  
line	   respectively,	   belonging	   to	   category	  0;	  C:	   dome-­‐shaped	   IS/OS	   line	  without	   FB	  of	   category	  1;	  D:	  	  
dome-­‐shaped	  IS/OS	  line	  with	  FB	  typical	  of	  category	  2.	  
	  
To	  analyse	  the	  statistical	  relationship	  between	  the	  parameters	  that	  measure	  the	  vision	  of	  the	  patient	  
and	   the	   anatomical	   variables,	   the	   Spearman’s	   p	   test	   was	   performed	   (Table	   3).	   All	   the	   anatomical	  
variables,	   mainly	   IS/OS	   and	   FB,	   showed	   significant	   correlation	   with	   VA	   and	   almost	   all	   the	   colour	  
vision	  parameters.	  Neither	  visual	  nor	  anatomical	  variables	  showed	  any	  correlation	  with	  RNFL.	  
 ELM	   IS/OS	   COST	   FB	   CFT	  
LogMAR	   -­‐0.696	   **	   -­‐0.776	   **	   -­‐0.483	   *	   -­‐0.803	   **	   -­‐0.420	   *	  
ELM	   	   	   0.919	   **	   0.511	   **	   0.885	   **	   -­‐-­‐-­‐	   	  
IS/OS	   	   	   	   	   0.616	   **	   0.924	   **	   0.473	   *	  
COST	   	   	   	   	   	   	   0.675	   **	   -­‐-­‐-­‐	   	  
FB	   	   	   	   	   	   	   	   	   0.507	   **	  
 
 LogMAR ELM IS/OS COST FB CFT 
ISHI 0.866	   **	   -­‐0.635	   **	   -­‐0.688	   **	   -­‐0.437	   **	   -­‐0.742	   **	   -­‐-­‐-­‐	  
FM-­‐D15 0.560	   **	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐0.485	   *	   -­‐-­‐-­‐	  
CCI 0.547	   **	   -­‐-­‐-­‐	   	   -­‐0.410	   *	   -­‐-­‐-­‐	   	   -­‐0.534	   **	   -­‐-­‐-­‐	  
SI -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	  
CI 0.535	   **	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐-­‐-­‐	   	   -­‐0.504	   *	   -­‐-­‐-­‐	  
Table	   3.	   Correlations	   between	   the	   studied	   variables.ELM:	   external	   limiting	   membrane;	   IS/OS:	  
inner/outer	   segment	   of	   photoreceptors	   junction;	   COST:	   cone	   outer	   segment	   tips;	   CFT:	   central	  
thickness	  of	   the	  macular	   area	   y	  RNFL:	   peri-­‐papillary	  optic	   nerve	   fiber	   layer;	   LogMAR:	   Logarithm	  of	  
minimal	  angle	  of	  resolution;	  CCI:	  Color	  Confusion	  Index;	  SI:	  Selectivity	  Index;	  CI:	  Confusion	  Index.	  
	  
B	  A	  
C	   D	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Discussion	  
The	   results	   of	   the	   study	   showed	   a	   majority	   of	   eyes	   (68%)	   with	   variable	   intensity	   impairments	   in	  
colour	   vision,	   without	   specific	   axis	   and	   a	   fairly	   preserved	   visual	   acuity.	   The	   central	   retina	   layers	  
showed	  also	  different	   levels	  of	  deterioration,	  being	  the	  ELM	  the	  most	  preserved	   layer,	   followed	  by	  
IS/OS	   and	   COST.	   Much	   of	   the	   eyes	   had	   a	   total	   or	   partial	   loss	   of	   FB.	   All	   the	   anatomical	   variables	  
showed	   statistically	   significant	   correlations	  with	  VA	   (LogMar)	   and	  with	   some	  of	   the	   parameters	   of	  
colour	  vision,	  mainly	   for	   IS/OS	  and	  FB	  variables.	  No	  correlations	  between	   the	  RNFL	  and	   the	  others	  
variable	  were	  found.	  
Regarding	   colour	   vision,	   all	   the	   tests	   apply	   criteria	   that	   present	   certain	   limitations.	   As	   it	   has	   been	  
described	   before,13–16	   RP	   patient	   showed	   alteration	   in	   colour	   vision.	   Using	   Bowman's	   and	   Vingrys'	  
color	  indices,	  that	  were	  designed	  for	  congenital	  alterations	  and	  not	  for	  acquired	  ones,	  the	  44%	  of	  the	  
patients	   showed	   some	   type	   of	   dyscromatopsia	   (8%	   blue-­‐yellow,	   36%	   not	   specific	   defect,	   which	   is	  
typical	  of	  acquired	  alterations)	  whereas	  the	  24%	  were	  misclassified.	  These	  results	  do	  not	  match	  with	  
those	   presented	   by	   Hammerstein13	   and	   Greenstein14	   in	   which	   it	   is	   stated	   that	   the	   predominant	  
defect	  in	  visual	  acuities	  over	  20/40	  is	  blue-­‐yellow.	  This	  discrepancy	  is,	  probably,	  due	  to	  the	  fact	  that	  
these	  authors	  studied	  patients	  with	  a	  milder	  central	  damage	  that	   the	  one	   is	  presented,	  globally,	   in	  
this	  study.	  The	  L	  and	  M	  cones	   (those	  sensitive	  to	  red	  and	  green)	  predominate	   in	  the	  central	   retina	  
and	   the	   functional	   manifestations	   of	   their	   affectation	   appear	   later.	   In	   contrast,	   cones	   S	   (blue-­‐
sensitive)	  are	  minority	  and	  concentrate	  preferentially	  around	  the	  foveola	  and	  are	  therefore	  the	  first	  
to	  be	  altered	  during	  disease	  progression.2,7	  
The	   ELM	   length	   was	   significantly	   longer	   than	   IS/OS,	   and	   IS/OS	   longer	   than	   COST.	   It	   has	   been	  
described	  that	  retinal	   layer	  may	  become	  disorganized	  first	  at	  COST	   line	   in	  RP	  patients,	  because	  the	  
progressive	   shortening	  and	  deformation	  of	   rod	  outer	   segments	   causes	   that	   the	   line	  approaches	   to	  
merge	  with	  the	  EPR.	  Because	  of	  that,	  the	   IS/OS	  becomes	   increasingly	  unstructured,	  and	  finally	  also	  
disappears.2,17	   In	  other	  ocular	  pathologies,	   such	  as	   Stargardt's	  disease,	   the	  outer	  nuclear	   layer	  and	  
external	  plexiform	  layer	  are	  affected	  first.18	  Regarding	  tissue	  regeneration,	  according	  to	  Ooka	  and	  co-­‐
workers19	  in	  patients	  who	  have	  undergone	  macular	  hole	  surgery,	  the	  first	  line	  to	  restructure	  is	  ELM,	  
subsequently	   IS/OS	  and	  finally	  COST.	  Therefore,	   in	  RP	  patients,	  the	  degeneration	  process	   in	  central	  
retina	  is	  inverse	  to	  foveal	  regeneration.	  	  
All	  central	   retina	   layers	  can	  be	  measured	  accurately	  with	  OCT,	  although,	   in	   the	  case	  of	  COST	   layer,	  
and	   depending	   on	   the	   instrument's	   resolution,	   the	   image	   could	   be	   seen	   blurred,	   resulting	   in	   poor	  
quality.	   However,	   using	   a	   OCT	   axial	   resolution	   of	   3.5	   microns,	   it	   has	   been	   able	   to	   quantitatively	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analyse	   this	   layer	   in	   the	   central	   3mm	   in	   70%	  of	   the	   patients.20	   The	   assessment	   of	   FB	   could	   be	   an	  
alternative	   approach	   to	   the	   assessment	   of	   COST,	   as	   it	   is	   easier	   to	   visualize.	   Foveal	   bulge	   is	   an	  
indicative	   of	   photoreceptors	   dysfunction,21	   and	   it	   is	   a	   good	  marker	   of	   the	   functional	   properties	   in	  
several	   macular	   pathologies.22	   Thus,	   FB	   may	   be	   a	   suitable	   marker	   for	   any	   pathology	   foveal	  
deterioration	   in	   the	  macula.	   In	   that	   sense,	   FB	   is	   the	   anatomical	   variable	   that	   has	   shown	   the	   best	  
correlation	  with	   visual	   acuity	   and	  most	   of	   color	   indices	   of	   RP	   eyes	   studied.	   The	  worse	   correlation	  
between	  functional	  (VA)	  and	  anatomical	  changes	  were	  for	  CFT	  and	  RFNL.	  CFT	  reflects	  the	  change	  in	  
the	  overall	  central	  foveal	  thickness,	  not	  only	  in	  the	  photoreceptor	  layer,	  which	  is	  the	  most	  affected	  
by	  the	  disease,	  and	  therefore	  changes	  would	  be	  significant	  only	  when	  the	  photoreceptor	  layer	  were	  
much	  altered.	  
The	  results	  of	  colour	  vision	  match	  with	  those	  reported	  by	  Villoslada	  and	  co-­‐workers23:	  CI	  correlates	  
quite	  well	  with	  anatomical	  variables	  but	  not	  SI.	  The	  severity	  of	   functional	   impairment	   (CI)	  can	  vary	  
depending	  on	  the	  state	  of	  the	  layers	  of	  the	  retina,	  while	  the	  randomness	  or	  polarity	  (SI)	  is	  not	  directly	  
dependent	   on	   anatomical	   factors.	   The	   correlations	   appeared	  especially	  with	  CCI	   and	  CI,	  which	   are	  
two	  equivalent	   indices,	   since	   they	  are	   relative	  values	   comparing	   the	  ordering	  of	   the	  observer	  with	  
perfect	  order.	  Both	  correlated	  significantly	  with	  the	  IS/OS	  line	  and	  FB	  but	  did	  not	  with	  the	  ELM	  line	  
because	   this	   layer	   remains	   intact	   while	   color	   vision	   deteriorates	   (as	   it	   is	   the	   last	   layer	   to	   lose	   its	  
structure).17	   In	   addition,	   there	   were	   no	   correlation	   with	   the	   different	   variables	   and	   COST	   layer	  
because	   it	   is	   very	   thin	   and	   difficult	   to	   appreciate	   in	   OCT.	   COST	   also	   affects	   very	   quickly,	   so	  most	  
patients	  with	  RP	  have	  severe	  alterations	  in	  this	  layer.	  
The	   ISHI	   variable	   shows	   good	   correlation	   with	   other	   variables	   because	   it	   assesses	   anatomical	  
dysfunction	  of	  the	  M	  and	  L	  cones,	  that	  represent	  90%	  of	  total	  cones,	  mainly	  located	  in	  the	  fovea.7	  As	  
discussed	  above,	  the	  functional	  alterations	  in	  these	  types	  of	  foveal	  cones	  reflect	  changes	  in	  advanced	  
stages.	   It	   is	   important	  to	  conduct	   further	  studies	  with	  samples	  at	  different	  stages	  of	   the	  disease	  to	  
confirm	   the	   validity	   of	   ISHI	   in	   all	   cases.	   It	   is	   possible	   that	   in	   samples	   with	   a	   very	   mild	   central	  
involvement	   this	  parameter	  would	  not	  be	  valid	  as	  a	  marker	  of	  anatomical	  alteration.	  The	  variables	  
derived	  from	  the	  FM	  D-­‐15	  test	  are	  also	  subject	  to	  several	  limitations.	  This	  test	  is	  used	  to	  detect	  early	  
changes	   in	   vision	   blue-­‐yellow	   while	   reflecting	   changes	   in	   all	   axes,	   especially	   if	   the	   errors	   have	   a	  
pronounced	  pattern,	  as	   in	  congenital	  anomalies.	   In	   the	  case	  of	  an	  acquired	  dyscromatopsia,	   like	   in	  
the	  RP,	  as	  the	  alteration	  advances	  the	  pattern	  and	  rates	  of	  Bowman	  and	  Vingrys	  fades	  and	  the	  test	  
and	   their	   index	   could	   not	   fully	   reflect	   real	   changes.	   Despite	   this	   drawback,	   and	   according	   to	   the	  
results	  of	  this	  study,	  CI	  and	  CCI	  indices,	  are	  valid	  as	  indicators	  of	  progression	  of	  anatomical	  alteration	  
while	  parameter	  SI	  should	  be	  discarded.	  
 13 
 
In	  conclusion,	  the	  present	  study	  confirm	  that	  logMar,	  CCI	  and	  CI	  indices	  obtained	  in	  FM	  D-­‐15	  vision	  
colour	   tests	  and	   the	  number	  of	  errors	   in	   the	   Ishihara	   test	   could	  be	  used	  as	  a	  good	  markers	  of	   the	  
progression	  of	  RP,	  since	  there	  is	  a	  statistically	  significant	  relationship	  between	  impaired	  colour	  vision	  
and	   stage	  of	   the	  disease.	   	  Such	   changes	   could	  be	   identified	  early	   and	   reliably	  by	  assessing	   the	   FB.	  
Further	  studies	  with	  a	  larger	  sample	  to	  confirm	  these	  results	  will	  be	  needed.	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  as	  accepted	  
articles	  are	  now	  published	  online	  through	  our	  Early	  View	  feature	  before	  the	  print	  edition	  of	  the	  
journal	  is	  published.	  
We	  recommend	  the	  Cochrane	  Eyes	  &	  Vision	  Group’s	  online	  course	  on	  how	  to	  serve	  as	  a	  peer	  
reviewer.	  	  
ETHICAL/LEGAL	  CONSIDERATIONS	  
The	  journal	  follows	  the	  recommendations	  of	  the	  International	  Committee	  of	  Medical	  Journal	  
Editors	  (ICMJE).	  If	  in	  doubt	  on	  any	  issue,	  please	  consult	  their	  web	  page	  (http://www.icmje.org/)	  
i)	  Originality.	  A	  submitted	  manuscript	  must	  be	  an	  original	  contribution	  that	  has	  not	  been	  previously	  
published	  other	  than	  as	  an	  abstract	  or	  conference	  proceedings	  and	  must	  not	  be	  under	  consideration	  
for	  publication	  elsewhere.	  Confirmation	  is	  required	  as	  part	  of	  the	  submission	  process.	  
ii)	  Ethical	  standards	  and	  informed	  consent.	  For	  research	  involving	  human	  subjects,	  confirmation	  of	  
adherence	  to	  the	  tenets	  of	  the	  Declaration	  of	  Helsinki	  and	  attainment	  of	  informed	  consent	  must	  be	  
included	  in	  the	  methods	  section	  of	  the	  manuscript.	  If	  animals	  were	  used	  in	  the	  research,	  
confirmation	  of	  adherence	  to	  the	  ARVO	  statement	  for	  the	  use	  of	  animals	  in	  ophthalmic	  and	  vision	  
research	  must	  be	  stated	  in	  the	  methods	  section	  of	  the	  manuscript.	  An	  indication	  that	  ethical	  
approval	  from	  an	  institutional	  review	  board	  was	  obtained	  must	  be	  included	  where	  applicable.	  
iii)	  Subject	  anonymity.	  Subject	  /	  patient	  anonymity	  must	  be	  protected	  unless	  written	  consent	  is	  
obtained	  and	  submitted	  with	  the	  manuscript.	  
iv)	  Copyright	  –	  Exclusive	  Licence	  form.The	  corresponding	  author	  will	  be	  asked	  to	  sign	  an	  exclusive	  
licence	  form	  on	  behalf	  of	  all	  authors	  once	  a	  paper	  is	  accepted	  for	  publication.	  In	  signing	  this	  form,	  it	  
is	  assumed	  that	  the	  authors	  have	  gained	  permission	  to	  use	  any	  copyrighted	  or	  previously	  published	  
material.	  Articles	  cannot	  be	  published	  until	  a	  signed	  form	  has	  been	  received.	  
v)	  Conflict	  of	  interest.	  A	  declaration	  of	  any	  conflicts	  of	  interest	  is	  part	  of	  the	  submission	  process	  and	  
a	  disclosure	  section	  is	  a	  required	  part	  of	  the	  manuscript	  submission	  (see	  below).	  	  
MANUSCRIPT	  PREPARATION	  AND	  SUBMISSION	  
The	  journal	  follows	  the	  recommendations	  of	  the	  International	  Committee	  of	  Medical	  Journal	  
Editors	  (ICMJE).	  If	  in	  doubt	  on	  any	  issue,	  please	  consult	  their	  web	  page	  (http://www.icmje.org/)	  
 17 
 
All	  papers	  are	  submitted	  via	  ScholarOne	  Manuscripts.	  New	  authors	  need	  to	  click	  CREATE	  ACCOUNT	  
on	  the	  menu	  bar	  to	  obtain	  a	  user	  ID	  and	  a	  password.	  
All	  submissions	  should	  be	  submitted	  double-­‐spaced.	  If	  you	  are	  submitting	  a	  report	  on	  the	  evaluation	  
of	  diagnostic	  tests	  for	  potential	  clinical	  use,	  please	  consult	  the	  guidelines	  contained	  in	  the	  current	  
version	  of	  the	  STARD	  statement.	  If	  you	  are	  submitting	  a	  report	  of	  parallel	  group	  randomised	  trials	  
please	  consult	  the	  guidelines	  contained	  in	  the	  CONSORT	  statement.	  You	  will	  be	  asked	  to	  confirm	  that	  
you	  have	  consulted	  these	  guidelines	  as	  part	  of	  the	  electronic	  submission	  process.	  If	  the	  study	  was	  
supported	  by	  industry,	  please	  follow	  the	  GPP2	  guidelines.	  The	  ScholarOne	  Manuscripts	  submission	  
process	  requires	  the	  following	  information:	  	  
i)	  Summary	  information.	  The	  title,	  running	  head	  and	  structured	  abstract	  can	  be	  typed	  or	  pasted	  into	  
the	  appropriate	  boxes	  on	  the	  first	  page	  of	  the	  submission	  process.	  
ii)	  Attributes.	  At	  least	  four	  and	  up	  to	  six	  keywords	  are	  required	  for	  indexing	  purposes.	  The	  US	  
National	  Library	  of	  Medicine’s	  Medical	  Subject	  Headings	  (MeSH)	  is	  recommended.	  
iii)	  Authors	  and	  institutions.	  Confirm	  your	  name	  and	  institution	  information,	  any	  co-­‐authors	  and	  
indicate	  which	  of	  the	  authors	  is	  the	  corresponding	  author.	  
iv)	  Reviewers.	  You	  may	  suggest	  one	  or	  more	  preferred	  and	  non-­‐preferred	  reviewers	  and	  provide	  
contact	  details	  for	  the	  former.	  
v)	  Details	  and	  comments.	  The	  cover	  letter	  can	  be	  typed	  or	  pasted	  into	  the	  cover	  letter	  window	  or	  
uploaded	  as	  a	  Word	  file.	  It	  can	  provide	  any	  information	  that	  the	  corresponding	  author	  considers	  will	  
assist	  the	  editor	  and	  should	  include	  a	  statement	  of	  authorship	  responsibility	  such	  as	  'I	  certify	  on	  
behalf	  of	  myself	  and	  all	  co-­‐authors	  that	  we	  have	  all	  participated	  sufficiently	  in	  the	  study	  design,	  
interpretation	  of	  the	  data	  (when	  applicable)	  and/or	  the	  writing	  of	  the	  manuscript’.	  
vi)	  Main	  manuscript.	  This	  is	  uploaded	  in	  ScholarOne	  and	  should	  include	  the	  following:	  	  
1.	  Title	  page.	  To	  include	  the	  full	  title	  (limited	  to	  70	  characters),	  running	  head	  (i.e.	  abbreviated	  title	  
limited	  to	  50	  characters	  that	  will	  appear	  as	  a	  header	  on	  each	  page	  of	  the	  paper),	  author’s	  names	  and	  
institutional	  affiliation,	  corresponding	  author	  with	  e-­‐mail	  address	  and	  keywords.	  	  
2.	  Disclosure.	  Disclose	  any	  potential	  conflict	  of	  interest.	  Include	  any	  association	  with	  a	  commercial	  
organisation	  or	  any	  financial	  interest	  in	  a	  product	  that	  may	  give	  rise	  to	  the	  perception	  of	  a	  potential	  
conflict	  of	  interest.	  Indicate	  if	  the	  sponsors	  had	  any	  specific	  role	  in	  the	  production	  of	  the	  paper	  
(e.g.involvement	  in	  writing,	  analysis,	  or	  control	  over	  publication).	  If	  there	  are	  no	  conflicts	  of	  interest,	  
state:	  “The	  authors	  report	  no	  conflicts	  of	  interest	  and	  have	  no	  proprietary	  interest	  in	  any	  of	  the	  
materials	  mentioned	  in	  this	  article.”	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  for	  industry-­‐sponsored	  studies.	  	  
4.	  Structured	  abstract.	  Limited	  to	  2,500	  characters	  including	  punctuation	  and	  spaces	  and	  arranged	  
under	  the	  subheadings	  of	  Purpose,	  Methods,	  Results	  and	  Conclusions.	  Review	  articles	  should	  use	  the	  
subheadings	  of	  Purpose,	  Recent	  findings	  and	  Summary.	  	  
5.	  Main	  text.	  Manuscripts	  should	  be	  written	  in	  a	  clear,	  concise,	  direct	  style	  and	  arranged	  under	  the	  
subheadings	  of	  Introduction,	  Methods,	  Results	  and	  Discussion.1.5	  line	  spacing	  is	  recommended.	  
Please	  embed	  figures	  and	  tables	  in	  appropriate	  places	  within	  the	  main	  text	  to	  make	  reviewing	  the	  
submission	  easier.	  Abbreviations	  should	  be	  used	  sparingly	  and	  only	  where	  they	  ease	  the	  reader's	  
task	  by	  reducing	  repetition	  of	  long,	  technical	  terms.	  Initially	  use	  the	  word	  in	  full,	  followed	  by	  the	  
abbreviation	  in	  parentheses.	  Thereafter	  use	  the	  abbreviation	  only.	  List	  all	  references	  in	  numerical	  
order	  using	  superscript	  numbers.	  	  
6.	  Introduction	  should	  succinctly	  provide	  the	  research	  rationale	  without	  extensively	  reviewing	  the	  
literature.	  	  
7.	  Methods	  should	  describe	  the	  experimental	  design,	  subjects	  used	  and	  procedures	  followed	  in	  
sufficient	  detail	  that	  others	  could	  duplicate	  the	  research.	  Include	  details	  of	  ethical	  standards	  followed	  
where	  appropriate.	  All	  measurements	  must	  be	  given	  in	  SI	  or	  SI-­‐derived	  units.	  Chemical	  substances	  
should	  be	  referred	  to	  by	  the	  generic	  name	  only.	  If	  proprietary	  drugs	  have	  been	  used	  in	  the	  study,	  
refer	  to	  these	  by	  their	  generic	  name,	  mentioning	  the	  proprietary	  name,	  and	  the	  name	  and	  location	  of	  
the	  manufacturer,	  in	  parentheses.	  Commercially	  available	  equipment	  should	  be	  identified	  by	  the	  
type	  of	  instrument,	  its	  maker	  and	  the	  model	  number,	  with	  provision	  of	  an	  appropriate	  website	  
address	  where	  possible.	  	  
8.	  Results	  should	  include	  a	  minimum	  of	  discussion.	  The	  statistical	  approach	  recommended	  by	  OPO	  is	  
presented	  in	  Armstrong	  and	  colleagues	  (OPO,	  2011).	  Studies	  that	  assess	  agreement	  between	  tests	  or	  
the	  repeatability	  of	  test	  results	  should	  consult	  McAlinden	  et	  al.	  (OPO,	  2011).	  For	  issues	  regarding	  the	  
use	  of	  data	  from	  one	  or	  both	  eyes	  of	  patients,	  consult	  Armstrong	  (OPO,	  2013).	  Altman	  and	  
colleagues’	  statistical	  guidelines	  for	  the	  presentation	  of	  results	  are	  also	  recommended:	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• Do	  not	  add	  spurious	  precision	  to	  data	  so	  that	  mean	  values	  should	  be	  no	  more	  than	  one	  decimal	  
place	  more	  than	  the	  original	  data	  (e.g.	  mean	  logMAR	  could	  be	  0.12	  or	  0.124,	  but	  not	  0.12386).	  
Percentages	  can	  often	  be	  rounded	  to	  the	  nearest	  whole	  number.	  	  
• Report	  the	  results	  of	  statistics	  tests	  (e.g.	  F	  or	  t-­‐value)	  and	  degrees	  of	  freedom	  in	  addition	  to	  p-­‐
values	  and	  give	  exact	  p-­‐values	  to	  2	  significant	  figures	  unless	  p<0.0001	  (e.g.,	  F2,94=0.31,	  p=0.73;	  
F2,4	  =	  4.26,	  p	  =	  0.015,	  F1,94=17.1,	  p<0.0001)	  	  
• Always	  present	  means	  (or	  medians)	  with	  standard	  deviation	  (SD)	  or	  standard	  error	  (SE)	  values	  
(or	  inter-­‐quartile	  range	  and/or	  full	  range).	  Provide	  SD	  or	  SE	  values	  in	  brackets	  rather	  than	  using	  
the	  ±	  sign	  as	  it	  avoids	  any	  confusion	  between	  SD	  and	  SE.	  	  
• Use	  colour	  in	  all	  figures	  as	  this	  is	  free	  to	  authors.	  It	  may	  be	  useful	  to	  also	  differentiate	  different	  
columns,	  datapoints	  etc	  in	  other	  ways	  to	  allow	  differentiation	  when	  printed	  in	  black	  and	  white.	  
9.	  Discussion.	  Highlight	  the	  key	  features	  of	  the	  results	  and	  their	  interpretation	  and	  do	  not	  merely	  
reiterate	  the	  results.	  Include	  any	  limitations	  of	  the	  study.	  	  
10.	  References.	  Referencing	  should	  follow	  the	  “Vancouver	  style”	  or	  numbered	  method	  as	  
recommended	  by	  the	  International	  Committee	  of	  Medical	  Journal	  Editors	  (http://www.icmje.org/).	  A	  
number	  is	  allocated	  to	  a	  reference	  source	  in	  the	  order	  in	  which	  it	  is	  cited	  in	  the	  text.	  If	  the	  source	  is	  
referred	  to	  again,	  the	  same	  number	  is	  used.	  The	  author’s	  name	  can	  be	  included	  in	  the	  text,	  but	  does	  
not	  need	  to	  be.	  For	  example,	  “Glasser1	  suggested	  that...”	  Numbers	  should	  be	  placed	  after	  full	  stops	  
or	  commas	  but	  before	  colons	  and	  semi-­‐colons.	  5	  If	  there	  are	  more	  than	  six	  authors,	  write	  et	  al.	  after	  
the	  first	  three.2	  If	  there	  is	  more	  than	  one	  author,	  but	  less	  than	  six,	  write	  an	  ampersand	  (&)	  prior	  to	  
the	  last	  named	  author.3-­‐7-­‐	  Papers	  published	  online	  ahead	  of	  print	  publication	  should	  include	  the	  
unique	  DOI	  number	  and	  the	  date	  of	  access.4	  If	  they	  have	  been	  accepted	  for	  publication,	  but	  not	  yet	  
published	  online,	  they	  should	  be	  identified	  as	  ‘in	  press’.	  References	  to	  book	  chapters,5	  online	  
journals6	  and	  abstracts	  of	  conference	  proceedings7	  can	  be	  included	  as	  shown	  below.	  References	  to	  
online	  sources	  should	  include	  an	  access	  date.	  A	  'personal	  communication'	  or	  'unpublished	  data'	  
should	  be	  cited	  as	  such	  in	  the	  text	  only	  with	  full	  author	  names	  and	  such	  citations	  should	  not	  be	  
included	  in	  the	  reference	  list.	  Journal	  titles	  should	  use	  the	  ISO	  abbreviation	  (as	  provided	  by	  PubMed	  
or	  Web	  of	  Knowledge).	  Systems	  such	  as	  EndNote	  or	  Reference	  Manager	  are	  recommended	  for	  
reference	  management	  and	  formatting.	  Papers	  that	  have	  been	  submitted	  to	  a	  journal	  but	  not	  
accepted	  for	  publication	  may	  only	  be	  cited	  in	  the	  text	  as	  'unpublished	  data'	  -­‐	  e.g.	  Smith	  et	  al.	  
unpublished	  data.	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FIGURES	  AND	  TABLES	  (If	  accepted	  for	  publication):	  If	  the	  paper	  is	  accepted	  for	  publication,	  we	  will	  
ask	  you	  to	  provide	  the	  tables	  on	  separate	  pages	  for	  production	  purposes.	  Large	  tables	  may	  be	  placed	  
vertically	  on	  a	  page	  in	  the	  initial	  production	  process,	  so	  to	  avoid	  delays	  in	  publication	  provide	  tables	  
on	  a	  single	  A4	  page	  in	  portrait	  format.	  
If	  the	  paper	  is	  accepted	  for	  publication,	  we	  will	  ask	  you	  to	  upload	  figures	  separately	  for	  production	  
purposes.	  List	  the	  figure	  legends	  on	  a	  separate	  page	  in	  the	  main	  document	  and	  upload	  figures	  to	  
ScholarOne	  separately	  from	  the	  main	  manuscript	  and	  without	  a	  figure	  legend.	  Each	  figure	  should	  be	  
submitted	  in	  a	  separate	  file	  and	  ScholarOne	  will	  combine	  these	  into	  single	  PDF	  and	  HTML	  documents	  
with	  the	  main	  manuscript.	  You	  can	  load	  them	  in	  any	  order,	  but	  you	  should	  then	  use	  the	  drop-­‐down	  
lists	  to	  put	  them	  in	  the	  order	  you	  wish	  them	  to	  appear	  in	  the	  final	  PDF/HTML	  document.	  You	  will	  be	  
given	  the	  option	  to	  provide	  a	  "File	  Tag":	  this	  is	  what	  you	  have	  called	  the	  Figure	  in	  the	  main	  
manuscript.	  If	  you	  enter	  this	  exactly	  with	  the	  correct	  formatting	  (e.g.	  did	  you	  use	  "Figure	  1"	  or	  "Fig	  
1"?),	  the	  image	  will	  automatically	  be	  linked	  to	  the	  correct	  point	  in	  the	  HTML	  presentation.	  Figures	  
produced	  in	  Excel	  or	  Powerpoint	  are	  accepted	  assuming	  that	  minimum	  resolution	  is	  300dpi.	  Line	  
drawings,	  charts	  and	  graphs	  produced	  in	  other	  formats	  should	  be	  saved	  in	  .TIFF	  format	  with	  a	  
minimum	  resolution	  of	  300	  dpi.	  Gray	  scale	  or	  colour	  images	  should	  be	  saved	  as	  .TIFF	  or	  .EPS	  files	  with	  
a	  minimum	  resolution	  of	  300	  dpi.	  Although	  you	  can	  upload	  as	  many	  files	  as	  you	  wish,	  they	  will	  be	  
uploaded	  in	  groups	  of	  three.	  
	  
SUPPORTING	  INFORMATION	  Video,	  audio,	  photographs,	  datasets,	  appendices	  etc.	  can	  be	  submitted	  
for	  online	  posting	  and	  are	  encouraged.	  For	  example,	  video-­‐clips	  of	  experiments	  in	  which	  targets	  
move	  or	  are	  temporally	  modulated	  would	  be	  particularly	  useful	  to	  present	  online.	  Supporting	  
information	  must	  be	  submitted	  to	  the	  journal	  withthe	  rest	  of	  the	  article	  and	  will	  be	  published	  exactly	  
as	  supplied	  and	  it	  is	  the	  author's	  responsibility	  to	  ensure	  that	  the	  material	  is	  logically	  laid	  out,	  
adequately	  described,	  and	  in	  a	  format	  that	  is	  likely	  to	  be	  accessible	  to	  readers.	  In	  the	  final	  published	  
paper,	  information	  will	  be	  given	  at	  the	  end	  of	  the	  paper	  detailing	  what	  the	  supporting	  information	  
contains	  and	  there	  will	  be	  a	  web	  link	  to	  the	  online	  version	  of	  the	  paper.	  
Author	  guidelines	  on	  how	  to	  prepare	  Supporting	  Information	  and	  which	  formats	  and	  file	  sizes	  are	  
acceptable	  are	  available	  here:	  http://authorservices.wiley.com/bauthor/suppmat.asp	  
PROOFS	  The	  corresponding	  author	  will	  receive	  an	  e-­‐mail	  alert	  containing	  a	  link	  to	  a	  website.	  A	  
working	  e-­‐mail	  address	  must	  therefore	  be	  provided.	  The	  proof	  can	  be	  downloaded	  as	  a	  PDF	  file	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(portable	  document	  format	  requiring	  Acrobat	  Reader	  software)	  from	  this	  site.OPO	  welcomes	  
corrections	  sent	  in	  e-­‐annotated	  proof	  format	  and	  further	  instructions	  will	  be	  sent	  with	  the	  proof.	  
Proofs	  can	  also	  be	  printed	  out	  in	  order	  for	  any	  corrections	  to	  be	  made	  to	  the	  hard	  copy.	  Authors	  
should	  note	  that	  corrections	  should	  be	  marked	  clearly	  and	  kept	  to	  a	  minimum.	  Wiley-­‐Blackwell	  
reserve	  the	  right	  to	  charge	  for	  any	  changes	  made	  at	  the	  proof	  stage	  (other	  than	  typesetter's	  errors)	  
since	  the	  insertion	  or	  deletion	  of	  a	  single	  word	  may	  necessitate	  the	  resetting	  of	  whole	  paragraphs.	  
Please	  note	  that	  lower-­‐resolution	  figures	  are	  used	  in	  the	  e-­‐proof	  and	  the	  final	  electronic	  online	  
version	  to	  facilitate	  PDF	  proofing	  and	  keep	  download	  times	  to	  a	  minimum.	  	  
AUTHOR	  SERVICES	  Author	  Services	  enables	  you	  to	  track	  your	  article	  –	  once	  it	  has	  been	  accepted	  –	  
through	  the	  production	  process.	  For	  example,	  you	  can	  choose	  to	  receive	  automated	  e-­‐mails	  as	  soon	  
as	  the	  paper	  is	  published	  online	  via	  Early	  View	  (see	  below)	  and	  when	  it	  is	  published	  in	  prnt.	  Visit	  
http://authorservices.wiley.com/bauthor	  for	  more	  details	  on	  online	  production	  tracking	  and	  for	  a	  
wealth	  of	  resources	  including	  FAQs	  and	  tips	  on	  article	  preparation,	  submission	  and	  more.	  
	  
EARLY	  VIEW	  OPO	  is	  covered	  by	  Wiley-­‐Blackwell’s	  Early	  View	  service.	  Early	  View	  articles	  are	  complete	  
full-­‐text	  articles	  published	  online	  in	  advance	  of	  their	  publication	  in	  a	  printed	  issue.	  Articles	  are	  
therefore	  available	  as	  soon	  as	  they	  are	  ready,	  rather	  than	  having	  to	  wait	  for	  the	  next	  scheduled	  print	  
issue.	  Early	  View	  articles	  are	  complete	  and	  final.	  They	  have	  been	  fully	  reviewed,	  revised	  and	  edited	  
for	  publication,	  and	  the	  authors’	  final	  corrections	  have	  been	  incorporated.	  Because	  they	  are	  in	  final	  
form,	  no	  changes	  can	  be	  made	  after	  online	  publication.	  The	  nature	  of	  Early	  View	  articles	  means	  that	  
they	  do	  not	  yet	  have	  volume,	  issue	  or	  page	  numbers,	  so	  Early	  View	  articles	  cannot	  be	  cited	  in	  the	  
traditional	  way.	  They	  are	  therefore	  given	  a	  Digital	  Object	  Identifier	  (DOI),	  which	  allows	  the	  article	  to	  
be	  cited	  and	  tracked	  before	  it	  is	  allocated	  to	  an	  issue.	  After	  print	  publication,	  the	  DOI	  remains	  valid	  
and	  can	  continue	  to	  be	  used	  to	  cite	  and	  access	  the	  article.	  More	  information	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